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Purpose  and  Background: 

In  recent  years,  the  application  of  zinc  oxide  (ZnO)  thin  films  as  an  active  channel  layer 
in  TFTs  has  become  of  great  interest  owing  to  their  specific  characteristics.  ZnO  is  transparent 
in  the  visible  wavelengths  region  because  of  its  wide  band  gap  (~3.37cV),  and  the  ability  to 
fabricate  good  quality  films  over  large  areas  at  low  temperature  suggests  the  compatibility  of 
ZnO  films  with  plastic  or  other  flexible  substrates.  Higher  field-effect  mobility  of  ZnO  TFTs 
than  a-Si:H  TFTs  has  been  recently  demonstrated.  However,  reliability  for  electrical  stress  is 
one  of  serious  problems  in  their  mass  production.  An  atomic  layer  deposition  (ALD)  method 
is  one  of  the  thin  film  fabrication  technologies,  which  attracts  much  attention  in  LSI  industry. 
The  film  deposited  by  ALD  has  additional  features  of  accurate  thickness  control,  high 
conformity,  and  uniformity  over  large  areas,  because  of  the  alternating  gas  supply. 

Approach: 

To  realize  the  high  performance  and  reliable  ZnO  thin  films  transistors,  we  focused  on 
atomic  layer  deposition.  Previously  we  have  established  basic  process  condition  for 
fabrication  of  ZnO  film  and  thin  film  transistors.  In  this  study,  we  will  develop  higher  quality 
thin  film  and  higher  perfonnance  thin  film  transistors  by  using  atomic  layer  deposition. 

I.  ALD  deposition  method 

In  this  study,  we  will  develop  a  new  deposition  method  of  high  quality  ZnO  film  by  using 
ALD  method.  ALD  thin  films  are  deposited  with  alternating  exposures  of  a  source  gas  and  an 
oxidant.  General  feature  of  the  ALD  method  is  as  follows: 

We  will  study  ZnO  thin  films  deposited  by  ALD.  To  control  the  carrier  concentration  in 
the  films,  we  will  propose  plasma  assisted  ALD  (PA -ALD)  with  oxygen  radical  as  an  oxidizer. 
The  electrical  and  physical  properties  of  the  ZnO  films  are  measured  with  and  without 
annealing. 

In  this  study,  we  will  investigate  ZnO  thin  films  using  PA-ALD  to  improve  the  ZnO 
TFT  performance.  The  effects  of  preparation  condition  on  the  electrical  properties  are 
evaluated,  and  the  effect  of  plasma  condition  on  the  quality  of  ZnO  film  is  also  investigated. 

II.  High  Pressure  vapor  treatment 

In  order  to  improve  the  perfonnance  of  ZnO  thin  film  transistors,  we  will  study  the  effect 
of  High  pressure  vapor  treatment  on  the  perfonnance  and  reliability.  In  the  field  of 
polycrystalline  silicon  TFTs,  it  is  well  known  that  the  high  pressure  vapor  treatment 
improve  the  mobility  or  threshold  voltage.  Previously  we  have  revealed  that  the  treatment 
oxidize  the  dangling  bond  at  grain  boundaries.  In  this  study  following  points  will  be 
studied. 
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Transparent  Oxide  TFTs  Fabricated  by  Atomic  Layer 


Deposition  (FA23  86- 11-1-11 4052) 

Yukiharu  Uraoka,  Nara  Institute  of  Science  and  Technology 

Abstract — Zinc  oxide  (ZnO)  thin  films  have  attracted  significant  attention  for  application  in  thin 
film  transistors  (TFTs)  due  to  their  specific  characteristics,  such  as  high  mobility  and  transparency. 
The  atomic  layer  deposition  (ALD)  thin  film  is  deposited  with  alternating  exposures  of  a  source  gas 
and  oxidant.  The  ALD  method  keeps  fabrication  temperature  of  the  ZnO  TFTs  low.  In  this  study,  we 
investigated  the  effects  of  the  gate  insulator  properties  on  the  performance  of  TFTs  with  a  ZnO 
channel  layer  deposited  by  plasma-assisted  ALD  (PAALD).  The  TFTs  with  AI2O3  gate  insulator 
indicated  high  performance  (5.1  cm2/Vs  field  effect  mobility)  without  any  thermal  annealing.  This 
result  indicated  a  high-performance  ZnO  TFT  with  the  films  deposited  by  PAALD  can  be  obtained 
at  temperature  below  100°C. 


I.  INTRODUCTION 

The  most  commonly  used  materials  for  the  active  channel  layer  in  thin  film  transistors 
(TFTs)  have  been  amorphous  silicon  (a-Si:H)  and  polycrystalline  silicon  (poly-Si). However, 
there  are  a  number  of  drawbacks  for  these  materials. [1'3]  Whereas  TFTs  with  the  poly-Si 
channel  layer  have  high  mobility  (  >50  cm  V'  s'  ),  a  high-temperature  process  is  needed  for 
their  fabrication.  In  addition,  poly-Si  is  difficult  to  fabricate  over  large  areas.  12  These  issues 
make  them  incompatible  with  flexible  substrates.  On  the  other  hand,  a-Si:H  is  readily  used  in 
large-area  flat  panel  displays.  However,  there  are  some  limitations,  such  as  low  channel 
mobility  (  ~1  cnrV'V1)  and  the  issues  of  degradation.  f41  In  recent  years,  the  application  of 
zinc  oxide  (ZnO)  thin  films  as  an  active  channel  layer  in  TFTs  has  become  of  great  interest 
owing  to  their  specific  characteristics.  ZnO  is  transparent  in  the  visible  wavelength  region 
because  of  its  wide  band  gap  (-3.37  eV),  and  the  ability  to  fabricate  good  quality  films  over 
large  areas  at  low  temperature  suggests  the  compatibility  of  ZnO  films  with  plastic  or  other 
flexible  substrates.  [4  <)1  The  higher  field-effect  mobility  of  ZnO  TFTs  than  a-Si:H  TFTs  has 
recently  been  demonstrated. |4'^  However,  the  reliability  against  electrical  stress  is  one  of  the 
serious  problems  in  their  mass  production. 

The  atomic  layer  deposition  (ALD)  method  is  one  of  the  thin-film  fabrication  technologies 
that  attracts  much  attention  in  the  LSI  industry.  Films  deposited  by  ALD  have  the  additional 
features  of  accurate  thickness  control,  high  conformity,  and  unifonnity  over  large  areas, 
because  of  the  alternating  gas  supply.  [10]  Furthermore,  it  is  reported  that  the  TFTs  with  an 
ALD  ZnO  channel  layer  show  high  mobility,  d1'13!  However,  undoped  ZnO  films  grown  by 


ALD  generally  have  unsuitable  electrical  properties  such  as  high  carrier  concentration  and 
high  conductivity.  [13]  It  is  well  known  that  the  high  carrier  concentration  of  undoped  ZnO 
films  results  from  defects  such  as  oxygen  vacancies. 

We  have  studied  ZnO  thin  films  deposited  by  ALD.  To  control  the  carrier  concentration  in 
the  films,  we  proposed  plasma-assisted  ALD  (PAALD)  with  oxygen  radicals  as  an  oxidizer. 
The  electrical  and  physical  properties  of  the  ZnO  films  were  measured  with  and  without 
annealing.  The  TFTs  with  thePAALD  ZnO  film  exhibited  more  excellent  properties  compared 
with  the  case  of  conventional  ALD.  Through  our  previous  study,  we  found  that  the  residual 
carrier  concentration  is  reduced  and  high-performance  ZnO  TFTs  are  possible  to  obtain 
byPAALD  at  low  temperature.  1 14‘ 151 

In  this  study,  we  prepared  ZnO  thin  films  for  channel  layers  and  ALO3  for  gate  insulators 
using  PAALD,  and  fabricated  the  bottom-gate  type  TFTs.  For  comparison,  we  adopted  two 
kinds  of  materials  as  the  gate  insulator:  thermally-oxidized  Si02  (T0-Si02)  and  AI2O3 
deposited  by  ALD.  In  order  to  reduce  the  operating  voltage,  high  A  gate  insulators  are  always 
used  to  increase  the  coupling  of  the  gate  electric  field  to  the  channel  layer.  The  AI2O3  film  is  a 
highA  material  that  can  be  deposited  at  low  temperature  by  ALD.  TFTs  with  a  T0-Si02  gate 
insulator  were  also  fabricated  for  comparison. 


II.  Experimental  methods 

A.  Atomic  layer  deposition 

Atomic  layer  deposition  is  a  method  based  on  the  sequential  introduction  of  respective 
reaction  precursors  [8' 111  shown  in  Figs.  1(a)  -  1(d).  Sequential  reactions  can  be  designed 
when  the  product  of  the  first  surface  reaction  becomes  a  reactant  for  the  second  surface 
reaction.  This  results  in  layer-by-layer  growth  and  full  or  partial  monolayer  deposition  per 
precursor  injection.  Owing  to  the  self-limiting  surface  reactions,  thin  films  with  high  quality 
can  be  obtained  with  precise  thickness  control  and  excellent  conformity  over  high  surface 
area-to-volume  ratio  structures.  In  this  method,  only  one  reactant  is  present  in  the  chamber  at 
each  procedure.  This  prevents  any  unwanted  gas  phase  reactions  observed  in  the  chemical 
vapor  deposition  method,  which  can  lead  to  particle  formation  and  inferior  device 
performance.  In  particular,  ALD  can  produce  high-quality  films  at  relatively  low  temperatures, 
which  makes  it  very  attractive  for  the  active  channel  layer  deposition  of  TFTs  on  plastic  or 
flexible  substrates. 
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Fig.l  Schematic  illustration  of  one  reaction  cycle  of  ALD  ZnO  film  deposition,  (a) 

Metal  precursors  are  introduced  and  adsorbed  onto  the  surface  of  substrates,  (b) 

Surplus  supply  gas  is  purged  by  an  inert  gas  (nitrogen),  (c)  Oxidant  is  introduced 

and  reacts  with  metal  precursors,  (d)  Surplus  supply  gas  is  purged  by  an  inert  gas 
/  •  ,  \ 


In  the  series  of  depositions  by  PAALD,  the  RF  (13.56MHz)  plasma  was  run  at  300  W  for 
the  films  grown  in  this  study.  We  used  diethyl-zinc  (DEZ)  and  trimethyl-aluminium  (TMA) 
as  metal  precursors  for  ZnO  and  AEO3  film  depositions,  respectively.  The  charts  of  the  time 
sequence  of  PAALD  are  shown  in  Fig.  2.  The  plasma  was  triggered  after  the  oxygen  gas 
pressure  became  stable.  The  plasma  ignition  time  was  1.0  s  for  the  film  deposition. 114  The 
thickness  was  measured  by  spectroscopic  ellipsometry  measurement,  and  the  depth  profiles  of 
the  films  were  examined  by  secondary  ion  mass  spectrometry  (SIMS). 
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Fig.  2  Charts  of  the  time  sequence  of  PAALD  gas  supply  and  plasma  ignition. 


B.  Fabrication  of  ZnO  TFTs 

A  diagram  of  the  bottom-gate -type  ZnO  TFTs  fabricated  in  this  study  is  shown  in  Fig.  3. 
Fifty-nanometer- thick  Si02  or  AFO3  gate  insulators  were  prepared  by  thermal  oxidation  or 
ALD.  Thirty-nanometer-thick  ZnO  thin  films  were  deposited  on  p-type  Si(100)  substrates 
with  the  gate  insulators  by  PAALD  using  DEZ  and  oxygen  radicals  at  the  heater  temperature 
of  100  or  300°C.  Ti  metal  was  deposited  and  patterned  by  a  lift-off  technique  to  serve  as  the 
source/drain  (S/D)  electrodes.  The  Si  substrate  was  used  as  the  gate  electrode. 

The  channel  length  ( L )  and  width  ( IV)  used  in  this  study  were  10  and  20  pm,  respectively. 
The  threshold  voltage  (Fth)  was  defined  by  the  gate  voltage  ( Vg)  which  induces  a  drain  current 
of  1  nA  at  a  drain  voltage  (Fd)  of  5  V.  The  on/off  current  ratio  was  measured  from  the  ratio  of 
maximum  /<i  to  minimum  /(|  on  the  gate  voltage  axis. 
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Fig.  3  Schematic  of  a  bottom-gate-type  ZnO  TFT. 


III.  Results  and  discussions 

We  deposited  ZnO  films  at  300°C  by  PAALD  on  the  Si  substrate  with  the  gate  insulator: 
T0-Si02,  AFO3  deposited  by  conventional  ALD  (ALD-AI2O3)  or  PAALD  (PAALD-AFO3). 
The  transfer  characteristics  of  the  fabricated  TFTs  were  measured  in  single-sweep  mode  of 
the  gate  voltage  with  Vd  =  5  V.  Figure  4  shows  the  variations  in  the  transfer  characteristics  of 
the  nonannealed  ZnO  TFTs.  All  of  the  TFTs  indicated  clear  TFT  behaviors  without  annealing. 
The  TFT  with  T0-Si02  gate  insulator  exhibited  large  negative  shift  of  the  V&.  This  shift  of  the 
Vth  was  improved  in  the  case  of  the  TFTs  with  ALO3  gate  insulators,  especially, 
enhancement-type  TFTs  was  obtained  by  the  PAALD-AI2O3  gate  insulator.  It  is  reported  that 
the  flatband  voltage  (Fb)  of  AI2O3  films  deposited  by  ALD  has  a  tendency  to  shift  toward  the 
positive  because  of  the  fixed  charge  density  in  the  film/16'171  Therefore,  this  improvement  of 
the  Vth  shifts  seems  to  be  caused  by  the  changes  of  the  AI2O3  film  properties. [18] 


Fig.  4  Variation  of  the  transfer  characteristics  of  the  TFTs. 


From  the  results,  the  high  field  effect  mobility  (//)  was  obtaind  in  the  case  of  the  TFT  with 
ALD-AI2O3  gate  insulator.  On  the  other  hand,  the  TFTs  with  PAALD-AI2O3  gate  insulator 
indicated  lower  off  current  (Id  off)-  Therefore,  we  deposited  the  five  nanometer  thick 
ALD-AI2O3  layer  on  the  forty-five  nanometer  thick  PAALD-AI2O3  to  obtain  high  TFT 
performances.  For  comparison,  we  fabricated  the  TFTs  with  T0-Si02  or  PAALD-AI2O3.  We 
prepared  ZnO  channel  layer  and  AFO3  gate  insulator  at  100°C,  and  the  characteristics  of  the 
fabricated  TFTs  were  measured  without  annealing  for  the  low  temperature  fabrication  process. 
The  transfer  characteristics  of  the  fabricated  TFTs  are  shown  in  Fig.  5.  All  of  the  TFTs 
indicated  clear  TFT  device  characteristics.  In  the  case  of  the  TFTs  with  AI2O3  gate  insulators, 
higher  //  was  obtained  than  that  of  the  TFT  with  SiC>2  gate  insulator.  In  addition,  the  TFT  with 
ALD/PAALD  stacking  AI2O3  gate  insulator  indicated  higher  performances  than  the  PAALD 
single  layer.  The  on/off  current  ratio  was  >  lx109,  the  n  was  5.1  cm2V"1s"1,  and  the 
subthreshold  swing  was  0.2  V/decade. 


Fig.  5  Transfer  characteristics  of  the  ZnO  TFTs  with  (a)  Si02,  (b)PAALD-Al203  and  (c) 
ALD/PAALD-AFO3  gate  insulator.  (W/L=20/10mm,  Vd=5  V) 


In  addition,  we  measured  the  variation  in  the  transfer  characteristics  under  gate  bias  stress  at 
room  temperature  to  evaluate  device  stability.  The  stressing  condition  was  20  V  of  gate 
voltage.  The  bias  stress  was  applied  for  various  period  of  time  up  to  10000  s.  Figures  6(a)  and 
6(b)  respectively  show  the  transfer  characteristics  before  and  after  stressing  periods  of  1,  10, 
100,  1000,  and  10000  s.  Figure6(a)  shows  the  bias  stress  stability  of  the  TFT  with 
thermally-oxidized  SiC>2  gate  insulator,  and  Fig.  6(b)  shows  that  of  the  TFTs  with 
ALD/PAALD  stacking  ALO3  gate  insulator.  A  large  positive  shift  of  V&  (AFth)  was  observed 
after  stressing  of  the  TFTs  with  Si  CL  gate  insulator.  This  Vth  shift  was  remarkably  reduced  in 
the  TFTs  with  AI2O3  gate  insulator  as  shown  in  Fig.  6(c).  From  the  measurement  results  of  the 
transfer  characteristics,  the  subthreshold  value  of  the  TFT  with  ALD/PAALD  stacking  AI2O3 
gate  insulator  was  improved  comparing  with  that  of  the  TFT  with  SiC>2  gate  insulator.  Both 
subthreshold  swing  and  the  stability  under  the  bias  stress  are  affected  by  the  condition  of  the 
ZnO/dielectric  interface.  ^19’  20J  Therefore,  this  improvement  of  the  stability  seems  to  be 
caused  by  improvement  of  the  ZnO/gate  insulator  conditions. 
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Fig.  6  Variation  in  transfer  characteristics  of  TFT 
with  (a)  Si02  and  (b)  ALD/PAALD-AFO3  gate 
insulator,  and  (c)  shift  of  Kth  under  gate  bias  stress. 
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We  performed  SIMS  measurement  to  investigate  the  change  in  the  ZnO/  gate  insulator 
conditions.  Figure  7(a)-(d)  show  the  measurement  results  of  near  the  interface  between  the 
ZnO  films  and  the  gate  insulators.  In  the  ALO3  film  deposited  by  PAALD  shown  in  Fig.  7  (c), 
carbon  the  film  considerably  decreased  comparing  with  the  film  deposited  by  conventional 
ALD  shown  in  Fig.  7(b).  This  reduction  of  carbon  suggests  that  the  residual  impurities 
originated  from  the  metal  precursor  were  reduced  by  the  introduction  of  plasma. [141  In 
addition,  in  the  samples  of  ZnO  films  with  ALD-ALO3  film  and  ALD/PAALD  stacking  AI2O3, 
increases  of  the  carbon  were  observed  near  the  ZnO/dielectric  interface  as  shown  in  Fig. 7  (b) 
and  (d).  These  increases  were  not  observed  in  the  other  samples  without  ALD-ALO3  layer  at 
the  ZnO/dielectric  interface  as  shown  in  Fig.  7  (a)  and  (b).  From  these  results,  the  increase  of 
carbon  in  the  ZnO  films  near  the  ZnO/dielectric  interface  is  assumed  to  be  due  to  the  presence 
of  mixed  layer  at  the  interface.  Compared  with  the  transfer  characteristics  of  the  TFTs,  it  is 
considered  that  the  mixed  layer  at  the  interface  affects  to  improve  the  ZnO  TFT  device 
performances. 
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Fig.  7  (Color  online)  SIMS  profiles  of  ZnO,  O,  and  C  in  ZnO  films  with  (a)  Si02,  (b)  ALD-ALO3,  (c) 
PAALD- ALO3,  and  (d)  ALD/PAALD  stacking  ALO3  films. 

IV.  Conclusion 

We  prepared  ZnO  and  ALO3  thin  films  deposited  by  plasma  assisted  atomic  layer 
deposition  in  application  to  an  active  channel  layer  and  a  gate  insulator  in  TFTs.  The  TFT 
with  AI2O3  gate  insulator  indicated  excellent  performances  without  any  thermal  annealing. 
The  TFT  with  ALO3  gate  insulator  deposited  by  conventional  ALD  exhibited  higher  field 
effect  mobility  compared  with  that  of  the  TFT  with  thermally-oxidized  Si02  gate  insulator. 
On  the  other  hand,  the  TFT  with  AI2O3  gate  insulator  deposited  by  PAALD  indicated  lower 
Id  off-  Furthermore,  the  TFT  with  PAALD-ZnO  channel  layer  and  ALD/PAALD  stacked  gate 
insulator  deposited  at  100°C  indicated  high-performances,  and  the  stability  under  the  gate  bias 


stress  was  improved  compared  with  the  TFT  with  TO-SiCL  gate  insulator.  The  SIMS 
measurements  suggest  that  this  improvement  of  the  TFT  performances  seems  to  be  caused  by 
the  presence  of  the  mixed  layer  at  the  ZnO/dielectric  interface.  Thorough  this  study,  we 
confirmed  that  PAALD  makes  it  possible  to  obtain  the  high  performance  ZnO  TFTs  at 
temperatures  below  100  degree. 


ACNOWKEDGEMENTS 
This  work  was  fully  supported  by  AOARD. 


References 

[1]  Y.  Kuo:  Thin  Film  Transistors:  Materials  and  Processes  (Kluwer  Academic,  New  York, 
2004)  Vol.  l,p.  6. 

[2]  T.  Sameshima:  J.  Non-Cryst.  Solids  1196  (1998)  227. 

[3]  H.  Kakinura:  Phys.  Rev.  B  39  (1989)  10473. 

[4]  R.  B.  M.  Cross,  and  M.  M.  D.  Souza:  Appl.  Phys.  Lett.  89  (2006)  263513. 

[5]  U.  Ozgiir,  Y.  I.  Alivov,  C.  Liu,  A.  Teke,  M.  A.  Reshchikov,  S.  Dogan,  V.  Avrutin,  S.  J. 
Cho,  and  H.  Morko?:  J.  Appl.  Phys.  98  (2005)  041301. 

[6]  P.  F.  Carcia,  R.  S.  McLeam,  M.  H.  Reilly,  and  G.  Nunes:  Appl.  Phys.  Lett.  82  (2003) 
1117. 

[7]  R.  L.  Hoffman,  B.  J.  Norris,  and  J.  F.  Wager:  Appl.  Phys.  Lett.  82  (2003)  733. 

[8]  S.  Matsuda,  K.  Kitamura,  Y.  Okumura,  and  S.  Miyatake:  J.  Appl.  Phys.  93  (2003)  1624. 

[9]  E.  Fortunato,  P.  Barquinha,  A.  Pimentel,  A.  Goncalves,  A.  Marques,  L.  Pereira,  and  R. 
Martins:  Thin  Solid  Films  487  (2005)  205. 

[10]  K.  Murata,  K.  Washio,  N.  Miyatake,  Y.  Mori,  H.  Tachibana,  Y.  Uraoka,  and  T. 
Fuyuki:  ECS  Trans.  1 1(7)  (2007)  31. 

[11]  S.  Kwon,  S.  Bang,  S.  Lee,  S.  Jeon,  W.  Jeong,  H.  Kim,  S.  C.  Gong,  H.  J.  Chang,  H. 
Park,  andH.  Jeon:  Semicond.  Sci.  Technol.  24  (2009)  035015. 

[12]  D.  H.  Levy,  D.  Freeman,  S.  F.  Nelson,  P.  J.  Cowdery-Corvan,  and  L.  M.  Irving:  Appl. 
Phys.  Lett.  92  (2008)  192101. 

[13]  S.  J.  Lim,  S.  J.  Kwon,  H.  G.  Kim,  and  J.  S.  Park:  Appl.  Phys.  Lett.  91  (2007)  183517. 

[14]  Y.  Kawamura,  N.  Hattori,  N.  Miyatake,  K.  Murata,  M.  Horita,  and  Y.  Uraoka:  Jpn.  J. 
Appl.  Phys.  50  (2011)  40DF05. 

[15]  Y.  Kawamura,  M.  Horita,  and  Y.  Uraoka:  Jpn.  J.  Appl.  Phys.  49  (2010)  04DF19. 

[16]  R.  Kuse,  M.  Kundu,  T.  Yasuda,  N.  Miyata,  and  A.  Toriumi:  J.  Appl.  Phys.  94  (2003) 
6411. 

[17]  I.  S.  Joen,  J.  Park,  D.  Eom,  C.  S.  Hwang,  H.  J.  Kim,  C.  J.  Park,  H.  Y.  Cho,  J.  H.  Lee, 
and  H.  K.  Kang:  Jpn.  J.  Appl.  Phys.  42  (2003)  1222. 


[18]  Y.  Kawamura,  N.  Hattori,  N.  Miyatake,  M.  Horita,  Y.  Ishikawa  and  Y.  Uraoka:  Jpn. 
J.  Appl.  Phys.  51  (2012)  02BF04. 

[19]  R.  Martins,  P.  Barquinha,  I.  Ferreira,  L.  Pereira,  G.  Gon£alves  and  E.  Fortunato:  J. 
Appl.  Phys.  101(2007)044505. 

[20]  Wantae  Lim,  E.  A.  Douglas,  D.  P.  Norton,  S.  J.  Pearton,  F.  Ren,  Young-Woo  Heo,  S. 
Y.  Son  and  J.  H.  Yuh:  Appl.  Phys.  Lett.  96(2010)053510. 


